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Abstract: Fine-tuning of salt and acid-base homeostasis is achieved in the renal collecting duct through
the action of intercalated and principal cells. Their activity is tightly regulated adapting to changes
in systemic acid-base, fluid, or electrolyte status. The relative number of acid or bicarbonate secretory
intercalated cells changes in response to acid or alkali loading. Several factors that may induce collecting
duct plasticity in response to acid loading have been identified including cell proliferation, Growth Differ-
entiation Factor 15 (Gdf15), hensin (DMBT1), and SDF1 (or CXCL12). Also, the transcription factors
Foxi1 and CP2L1, or the Notch2-Jag1 signaling pathway, may play a role. However, little is known
about the mechanisms mediating the adaptive response of the collecting duct to alkali loading. Here,
we examined in mouse kidney the response of these factors to alkali loading. Mice were left untreated
or received NaHCO3 or NaCl over 7 days. Cell proliferation in vivo was monitored by Ki67 labeling or
BrdU incorporation and expression of cell markers, and regulatory factors were examined. Foxi1 and
GDF15 were upregulated and CP2L1 downregulated during alkali loading. Ki67 staining and BrdU in-
corporation were frequent in AQP2-positive cells in the NaCl and NaHCO3 groups, but no evidence was
found for increased Ki67 or BrdU staining in bicarbonate-secretory cells consistent with a model that
AQP2 positive precursor cells may differentiate into intercalated cells. Thus, alkali loading alters the
cellular profile of the collecting duct, which may involve cell proliferation and changes in the network of
molecules determining the plasticity of the collecting duct.
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Fine-tuning of salt and acid-base homeostasis is achieved in the renal collecting duct 
through the action of intercalated and principal cells. Their activity is tightly regulated 
adapting to changes in systemic acid-base, fluid or electrolyte status. The relative number 
of acid or bicarbonate secretory intercalated cells changes in response to acid- or alkali-
loading. Several factors that may induce collecting duct plasticity in response to acid-loading 
have been identified including cell proliferation, Growth Differentiation Factor 15 (Gdf15), 
hensin (DMBT1), and SDF1 (or CXCL12). Also the transcription factors Foxi1 and CP2L1, 
or the Notch2-Jag1 signaling pathway may play a role. However, little is known about the 
mechanisms mediating the adaptive response of the collecting duct to alkali loading. Here 
we examined in mouse kidney the response of these factors to alkali-loading. Mice were left 
untreated or received NaHCO3 or NaCl over 7 days. Cell proliferation in vivo was monitored 
by Ki67 labeling or BrdU incorporation and expression of cell markers and regulatory factors 
were examined.  Foxi1 and GDF15 were upregulated and CP2L1 downregulated during 
alkali loading. Ki67 staining and BrdU incorporation were frequent in AQP2-positive cells in 
the NaCl and NaHCO3 groups but no evidence was found for increased Ki67 or BrdU 
staining in bicarbonate-secretory cells consistent with a model that AQP2 positive precursor 
cells may differentiate into intercalated cells. Thus, alkali loading alters the cellular profile of 
the collecting duct, which may involve cell proliferation and changes in the network of 
molecules determining the plasticity of the collecting duct.  
 
 








The renal collecting duct adapts to the systemic acid-base status by excreting either acids 
or alkali [54]. The epithelium of the collecting duct consists of two major cell types, segment 
specific principal cells and intercalated cells [11,39]. Principal cells serve mainly the 
reabsorption of sodium through the epithelial sodium channel (ENaC), water through the 
water channels AQP2 and AQP3, and the secretion of potassium through ROMK channels 
[28]. Acid-secretory intercalated cells express the chloride/bicarbonate exchanger anion 
exchanger 1 (AE1, SLC4A1) at their basolateral side and vacuolar-type H+-ATPases (V-type 
H+-ATPases) at their luminal pole [11,4]. In contrast, alkali-secretory type B intercalated cells 
are characterized by the presence of the chloride/bicarbonate exchanger pendrin 
(SLC26A4) at the apical membrane and V-type H+-ATPases at the basolateral side 
[11,40,57]. Another type of intercalated cells may exist, non-A/non-B-intercalated cells 
expressing luminal pendrin and V-type H+-ATPases at their luminal (and basolateral) 
membrane [47,26]. Intercalated cells expressing pendrin may serve not only the secretion 
of bicarbonate but may also be important for sodium chloride balance and hence blood 
pressure control. Pendrin functions in concert with the Na+-driven chloride-bicarbonate 
exchanger NDBCE to mediate chloride reabsorption. This activity is regulated by NaCl 
depletion, aldosterone and angiotensin and required to maintain blood pressure during NaCl 
depletion or if overactivate to cause hypertension in animal models 
[44,24,17,19,27,58,61,50,60] 
The relative abundance and activity of all these cell types varies with changes in electrolyte 
and acid-base status and is, at least in part, regulated by several hormones and factors that 
link volume and acid-base control [54]. Acidosis increases the activity and the relative 
abundance of type A intercalated cells whereas alkalosis stimulates type B intercalated cells 
and enhances their relative abundance [54]. Several factors and signaling cascades have 
been identified that are involved in the plasticity of the collecting duct system in response to 
an acid-load. These factors include the Growth Differentiation Factor 15 (GDF15) [12], 
hensin (also known as DMBT1) and integrins [16,3], stromal cell-derived factor 1 (SDF1, 
also known as CXC-Motif-chemokine 12 (CXCL12) or pre-B cell growth-stimulating factor 
(PBSF)) [43], Adam10 [18], and Notch1 and 2 together with JAG2 [46], that alone or together 
may induce interconversion of cells (e.g. from principal to intercalated cells or from type A 
to type B intercalated cells) and/or cell proliferation of specific cell types [12,63]. In addition, 
several factors may be critical for the developmental organization of the collecting duct and 
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differentiation of cell types such as Foxi1 or the grainyhead-related transcription factor, CP2-
like 1 (CP2L1) [68,34,66] or p53 [13]. Cell fate tracing experiments as well as deletion of 
factors involved in maintaining principal cell properties suggest that AQP2 expressing cells 
can serve as precursors for both type A and type B intercalated cells [49,67,18]. Similarly, 
some cells from the distal convoluted tubule expressing the thiazide-sensitive NaCl 
cotransporter (NCC) may also differentiate into type B intercalated cells [49]. 
In contrast to acidosis, little is known about the adaption of the collecting system to alkali 
loading. Alkalosis reduces proton secretion by type A intercalated cells and stimulates 
bicarbonate secretion along the connecting tubule and cortical collecting duct [15,51]. 
Moreover, recovery from acidosis or induction of alkalosis are associated with a reduction 
in the relative abundance of type A intercalated cells and a relative increase in type B 
intercalated cells. However, the mechanisms underlying this adaptive response have not 
been characterized. Here, we induced alkalosis by oral loading of mice with NaHCO3. Two 
groups of mice served as controls, untreated mice and mice receiving equimolar amounts 
of NaCl in their drinking water to account for the effects of sodium loading. Our results 
demonstrate that chronic but not acute NaHCO3 loading increased the relative frequency of 
pendrin positive type B intercalated cells in the connecting tubule, stimulated a transient 
increase of pendrin mRNA and protein after 24 hrs, and was associated with changes in 
several factors involved in collecting duct patterning.   
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MATERIALS AND METHODS 
Animal Experiments 
Male C57BL/6J mice (Harlan, Germany), 12 weeks old, were randomly assigned to 
different 12 groups: 1) no treatment (control) for 12 hours, 2) no treatment (control) for 24 
hours, 3) no treatment (control) for 2 days, 4) no treatment (control) for 7 days, 5) 0.28 mol/L 
NaCl in drinking water for 12 hours, 6) 0.28 mol/L NaCl in drinking water for 24 hours, 7) 
0.28 mol/L NaCl in the drinking water for 2 days, 8) 0.28 mol/L NaCl in drinking water for 7 
days, 9) 0.28 mol/L NaHCO3 in drinking water for 12 hours, 10) 0.28 mol/L NaHCO3 in 
drinking water for 24 hours, 11) 0.28 mol/L NaHCO3 in drinking water for 2 days, and 12) 
0.28 mol/L NaHCO3 in drinking water for 7 days (n = 5-10 per group). To study cell 
proliferation in vivo, some animals were injected intraperitoneally with 5-Bromo-2´-
deoxyuridine (BrdU, Sigma Aldrich) dissolved in DMSO/saline at a dose of 100 mg/kg 
bodyweight [64]. All animals had free access to drinking water and were maintained on the 
same standard diet. All animal experiments were performed according to national and 
international guidelines and Swiss laws of animal welfare and protocols approved by the 
local Veterinary Authority (Veterinäramt Zurich).   
Immunoblotting 
Mice were anesthetized with ketamine-xylazine and perfused through the left heart 
ventricle with warm (37°C) sucrose/ phosphate buffer (140 mM sucrose, 28 mM NaH2PO4, 
112 mM Na2HPO4, pH 7.4). Kidneys were rapidly removed, frozen in liquid nitrogen, and 
placed at -80°C until further analysis. For total membrane preparation one kidney of each 
mouse was homogenized in an ice-cold K-HEPES buffer (200 mM mannitol, 80 mM HEPES, 
41 mM KOH, pH 7.5) containing a protease inhibitor mix (complete Mini, Roche Diagnostics, 
Germany) at a final concentration of 1 tablet in a volume of 10 ml solution. Samples were 
centrifuged at 2000 rpm for 20 min at 4°C. Subsequently, the supernatant was transferred 
to a new tube and centrifuged at 41000 rpm for 1 h at 4°C. The resultant pellet was 
resuspended in K-HEPES buffer containing protease inhibitors. After measurement of the 
total protein concentration (Bio-Rad Dc Protein Assay; Bio-Rad, Hercules, CA, USA), 50 µg 
of the total membrane fraction was solubilized in Laemmli sample buffer, and SDS-PAGE 
was performed on 8-12 % polyacrylamide gels. For immunoblotting, proteins were 
transferred electrophoretically to polyvinylidene difluoride membranes (Immobilon-P, 
Millipore, Bedford, MA, USA). After blocking with 5% milk powder in Tris-buffered saline/ 
0.1% Tween-20 for 60min, the blots were incubated with the respective primary antibodies 
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(rabbit anti-pendrin 1:5’000 [20], rabbit anti-AE1 1:10’000 [45], rabbit anti-AQP2 1:10’000 
(kindly provided by Dr. J. Loffing, Institute of Anatomy, University of Zurich, [56]), and mouse 
monoclonal anti-β-actin antibody (42 kDa; Sigma, St. Louis, MO, USA) 1:10’000, all diluted 
in 1% milk/ TBS-Tween) either for 2 hrs at room temperature or overnight at 4°C. After 
washing and subsequent blocking, the membranes were incubated for 1 h at room 
temperature with the secondary antibody (donkey anti-rabbit or sheep anti-mouse 
antibodies linked to horseradish peroxidase 1:10’000 (GE Healthcare, Little Chalfont, 
Buckinghamshire, UK) or goat anti-rabbit antibody 1:5’000 linked to alkaline phosphatase 
(Promega, Madison, WI). Antibody binding was detected with the Immobilon Western 
Chemiluminescence kit (Millipore, Billerica, MA), using the DIANA III-chemiluminescence 
detection system (Raytest, Straubenhardt, Germany). All images were analyzed using 
appropriate software (Advanced Image Data Analyzer, Raytest) to calculate the protein of 
interest/ actin ratio. 
 
RNA extraction and semi-quantitative real-time RT-PCR 
One half kidney of each mouse was homogenized in RLT-Buffer (Qiagen, Basel, 
Switzerland) containing 2-mercaptoethanol (Sigma, Buchs, Switzerland) at a final 
concentration of 1%. Total RNA was extracted from 200 µl aliquots of each homogenized 
sample using the RNeasy Mini Kit (Qiagen, Basel, Switzerland) according to the 
manufacturers’ instructions. Quantity and quality of total eluted RNA were assessed by 
spectrometry using the ND-1000 spectrophotometer (NanoDrop Technologies, DE, USA). 
Each RNA sample was diluted to 100 ng/ µl, and 3 µl was used as a template for reverse 
transcription using the TaqMan Reverse Transcription Kit (Applied Biosystems, Foster City, 
CA, USA) according to manufacturers’ protocol. Remaining RNA samples were stored at -
80°C. Semi-quantitative real-time RT-PCR (qPCR) was performed on the ABI PRISM 7700 
Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Primers for all 
genes of interest were designed using Primer Express software from Applied Biosystems 
and primers and probes for AE1, AQP2 und Pendrin were used as described previously [30]. 
Novel primer and probe sequences were: Hprt (NM_013556): forward: 5'- 
TTATCAGACTGAAGAGCTACTGTAATGATC -3', reverse:  5'- 
TTACCAGTGTCAATTATATCTTCAACAATC -3', probe:  5'-
TGAGAGATCATCTCCACCAATAACTTTTATGTCCC -3'; Cp2l1 (NM_023755): forward:  5'- 
ATGCTGTTCTGGCACACGCAGC -3', reverse:  5'- TCTCAGGAGATAGCTGCGGCTC -3', 
8 
 
probe:  5'- TGGCAGCTACTTGCGTGATGTGCTGGC -3';  Gdf-15 (NM_011819): forward: 
5'- AGAGGACTCGAACTCAGAACCAAG -3', reverse:  5'- 
TTGACGCGGAGTAGCAGCTGGC -3', probe:  5'- 
TGTCCGGATACTCAGTCCAGAGGTGAGA -3'. All primer and probes were tested and 
resulted in the expected products (data not shown). Probes were labeled with the reporter 
dye FAM at the 5’ end and the quencher dye TAMRA at the 3’end (Microsynth, Balgach, 
Switzerland). Real-time PCR reactions were performed using the TaqMan Universal PCR 
Master Mix (Applied Biosystems, Foster City, CA, USA). Briefly, a 25 µl PCR reaction 
volume was prepared using 3.5 µl cDNA as template with sense and antisense primers (25 
µM each), the labeled probed (5 µM), the Taqman Universal PCR Master Mix and RNase 
free water up to the final volume. Thermal cycles were set for denaturation at 95°C (10 min) 
followed by 40 cycles of denaturation at 95°C (15 s) and annealing/ elongation at 60°C (1 
min) with auto ramp time. All reactions were run in triplicates. To analyze the data, we set 
the threshold to 0.06 as this value had been determined to be in the linear range of the 
amplification curves for all mRNAs in all experimental runs. The expression of gene of 
interest was calculated in relation to hypoxanthine guanine phosphoribosyl transferase 
(HPRT). Relative expression ratios were calculated as R = 2 [Ct(HPRT) – Ct(test gene)], where Ct 
represents the cycle number at the threshold 0.06. 
 
Immunohistochemistry 
For immunohistochemistry, mice were anesthetized by an intraperitoneal injection of 
xylazine/ketamine and fixed by perfusion through the left heart ventricle. The fixative 
contained 3% paraformaldehyde (PFA) in phosphate-buffered saline (pH 7.4). The kidneys 
were removed and further fixed in PFA/PBS overnight at 4°C. After washing in PBS, cutting 
in two-four millimeter thick slices and cryoprotection in 3 M sucrose/PBS, kidneys were 
frozen in liquid propane cooled down to -196°C by liquid nitrogen. Frozen kidney slices were 
cut into 4 µm thick cryostat sections. Cryosections were microwaved for 5 min in 0.01 M 
citrate buffer at pH 6.0, followed by antigen retrieval with 1% SDS for 3 min, and subsequent 
three times washing in PBS for 5 min. After pretreatment in 1 % Bovine Serum Albumin 
(BSA)/PBS, cryosections were incubated overnight in a humidified chamber at 4°C with the 
primary antibodies (guinea-pig anti-AE1 1:1’000 [45], guinea pig anti-pendrin 1:1’000 [20], 
goat anti-AQP2 (Santa Cruz) 1:400, mouse monoclonal anti-BrdU (BD Pharmingen) 1:100, 
rabbit anti-Ki67 (Clone SP6, Spring Bioscience, Cat #M3064, 1:400 diluted in PBS. After 
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incubation with primary antibodies, sections were rinsed three times with PBS and 
PBS/NaCl (18 g NaCl/l PBS) and covered for 1 h at room temperature in the dark with the 
appropriate secondary antibodies (donkey anti-rabbit Alexa 594 1:1000, donkey anti-guinea 
pig Alexa 488 1:500, donkey anti-mouse Cy5 1:500, donkey anti-goat Alexa 647 1:1000 
(Invitrogen, Basel, Switzerland) and DAPI 1:500 (Sigma) at the given dilutions for 1 h at 
room temperature. For nuclear staining, 49,6-diamidino-2-phenylindole (DAPI; Sigma, St. 
Louis, MO, USA), diluted 1:500, was added to the secondary antibodies. Sections were 
again washed twice with high-NaCl-PBS and once with PBS before being mounted with 
Glycergel (DakoCytomation, Glostrup, Denmark). All sections from different animal groups 
within one series were processed simultaneously with the same dilutions of primary and 
secondary antibodies. Sections were viewed using a Leica DFC490 charged-coupled device 
camera attached to a Leica DM 6000 fluorescence microscope (Leica, Wetzlar, Germany) 
using equivalent camera parameters for all kidneys sections. Pictures were viewed and 
processed using Photoshop. Five animals per group (time and treatment) were processed 
and 20 cortical fields at 400x magnification were photographed. Only cells with clear labeling 
of either the luminal or basolateral side with the respective markers were included. 
Statistical Analysis 
All data are presented as means ± SEM and were tested for significance using one 





NaHCO3 and NaCl-loading alter expression of intercalated cell specific transport 
proteins AE1 and Pendrin 
 Mice were treated for 12 or 24hrs and 2 or 7 days with NaHCO3 to provide an alkali-
load. In order to control for the effects of sodium loading, another group received equimolar 
amounts of NaCl for the same time periods. A third group was left untreated and received 
only standard chow. The NaHCO3 diet has previously been shown to induce hypochloremic 
alkalemia with alkaline urine whereas NaCl imposes a mild acid load (as compared to 
untreated mice) and increases urinary sodium and chloride excretion [30].  
 We first tested the effect of treatments on the mRNA and protein expression of 
pendrin (Figure 1). Pendrin mRNA was higher in the NaHCO3 group after 24 hrs compared 
to control and the NaCl group (Figure 1A). After 7 days, the NaCl group had lower pendrin 
mRNA abundance but this difference did not reach significance in ANOVA testing (Figure 
1A). In all other groups and at all other time points no significant differences in pendrin 
mRNA abundance were detected. Pendrin protein abundance was also higher after 24 hrs 
and 7 days NaHCO3 (Figures 1C and 1E). 
 mRNA expression of the type A intercalated cell specific anion exchanger AE1 did 
not change significantly after 12 hrs NaHCO3 or after 2 days (Figure 2A). At the protein level, 
AE1 was elevated after 7 days NaCl (Figure 2E) but otherwise remained unchanged. 
 In contrast to AE1 and Pendrin, the expression of AQP2 was highly regulated. mRNA 
abundance showed significant differences/increase only after 24 hrs NaCl or NaHCO3 
loading without significant changes for all other time points (Figure 3A). AQP2 protein 
abundance was increased in the NaHCO3 group after 24 hrs and 7 days (Figure 3C and E). 
Also, the NaCl treated group had higher AQP2 protein expression after 7 days (Figures 3C 
and E). Surprisingly, AQP2 protein was reduced after 2 days (Figure 3D). 
 
Altered cellular profile in response to alkali loading 
 Kidney sections from control mice or mice treated for 12 hrs, 24 hrs or 7 days with 
NaHCO3 or NaCl were stained with antibodies against the anion exchanger 1, AE1, as a 
marker of type A intercalated cells [4], against pendrin, as a marker of type B and non-A/non-
B intercalated cells [40,59], and against AQP2, as a marker of principal cells [31]. The 
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relative abundance of the different cell types were counted in the cortical collecting system 
comprising of the connecting tubule and cortical collecting duct in order to assess the impact 
of the different treatments on cellular remodeling. As summarized in table 1, both diets had 
no impact on the relative abundance of AQP2-positive cells in the cortical collecting system. 
After 7 days, NaHCO3 increased the relative abundance of pendrin-positive cells in the 
cortical collecting system compared to control or NaCl-treated mice. Concomitantly, the 
relative abundance of AE1-positive type A intercalated cells was significantly reduced. Thus, 
NaHCO3-loading alters the cellular profile in the cortical collecting system by increasing the 
relative number of pendrin-expressing cells at the expense of AE1-positive type A 
intercalated cells. 
 
Alkali and NaCl loading induce changes in transcription factors and cell proliferation 
 Next, we tested the effects of the different treatments on the mRNA abundance of 
several factors that have been shown to modulate the differentiation and/or relative 
abundance of the different cell types along the collecting duct system. CP2L1 mRNA 
expression showed a non-significant reduction after 12 hrs Interestingly, after 24 hrs the 
NaCl group had higher CP2L1 levels (Figure 4A). In contrast, the forkhead transcription 
factor Foxi1 showed a transient increase in the NaHCO3-treated group peaking after 24 hrs 
(Figure 4B). Also, GDF-15 mRNA abundance increased after 24 hrs and 2 days in the 
NaHCO3-treated group and returned to baseline after 7 days (Figure 4C).  
We then analyzed the association of proliferation of specific cells during the treatment with 
NaCl or NaHCO3. Animals used for examining the cellular remodeling of the CNT and CCD 
had been injected with BrdU, which is incorporated into DNA during synthesis and labels 
cells that undergo cell division. BrdU staining was combined with the specific cell markers 
AE1, pendrin and AQP2 and BrdU-positive cell nuclei were counted as summarized in table 
1 and shown in figure 5. BrdU-positive cells were found in all groups of animals and were 
mostly associated with AQP2 staining (besides BrdU staining in regions of the kidney other 
than the cortical collecting system, data not shown) but also sporadically found in AE1- or 
pendrin-positive cells consistent with earlier reports (Figure 5E) [62]. Treatment of mice with 
NaCl or NaHCO3 increased the relative number of BrdU- and AQP2-positive cells in the 
cortical collecting system after 7 days (table 1). In order to further corroborate the association 
of cell proliferation with AQP2 expression, kidney sections were stained for pendrin, AQP2 
and Ki67, a marker of proliferating cells. The lack of a positive marker for type A intercalated 
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cells tended to underestimate the relative abundance of these cells (identified by the 
absence of pendrin and AQP2 staining). However, with the antibodies available to us, we 
could not simultaneously stain for all markers and decided to mainly focus on the detection 
of proliferation of AQP2 positive cells. We examined only two time points, 24 hrs and 7 days 
after induction of diets (Figure 6, table 2). In control animals only few cortical collecting duct 
cells that did not stain for AQP2 or pendrin showed Ki67 staining suggesting a very low rate 
of proliferation of type A intercalated cells. Pendrin positive cells showed only in a very few 
cases Ki67 staining. In contrast, 3-4 % of AQP2 positive cells were Ki67 positive (Figure 6, 
table 2). Induction of NaHCO3 loading significantly increased the relative abundance of Ki67 











The collecting duct is the main site of regulated acid or base excretion adapting to the 
metabolic and systemic acid-base status of the individuum [54,21]. All three major cell types 
along the collecting duct system are involved in this context. Each cell type is characterized 
by a distinct set of proteins expressed reflecting specific cellular functions [10]. Type A 
intercalated cells secrete protons through apically located H+-ATPases and release 
bicarbonate into blood via the basolateral chloride/bicarbonate exchanger AE1. Proton 
secretion is paralleled by ammonia secretion through the RhCG ammonia channel 
expressed in principal cells, type A and type B intercalated cells (albeit with some differences 
in subcellular localization) [52]. Bicarbonate secretion depends on type B intercalated cells 
expressing the chloride/bicarbonate exchanger pendrin and basolaterally and /or apically 
located H+-ATPases. Collecting duct acid or base excretion is adapted by the regulation of 
the activity as well as by changes in the relative abundance of the different subtypes of cells. 
While our understanding of mechanisms driving the adaption to acid-loading has made 
major advances over the past years, the mechanisms responsible for adaption to alkali have 
remained less well defined. 
Here we find that 1) acute NaHCO3 loading for 24 hrs transiently stimulated pendrin 
mRNA and protein expression, 2) both NaCl and NaHCO3-loading altered AQP2 protein 
abundance, 3) chronic NaHCO3 loading for 7 days increased the relative abundance of 
pendrin-positive type B intercalated cells at the expense of AE1-positive type A intercalated 
cells in the cortical collecting system, 4) NaHCO3 loading acutely reduced mRNA levels of 
CP2L1, and transiently increased Foxi1 and GDF-15 levels, and 5) NaHCO3 and NaCl-
loading may have stimulated proliferation in the cortical collecting system as suggested from 
an increase in the relative number of Ki67 or BrdU-positive AQP2-expressing cells. 
Our data suggest that several mechanisms may contribute to collecting duct adaption 
to alkali loading that may include increased pendrin protein expression per cell as indicated 
by higher pendrin protein levels without change in the relative number of pendrin expressing 
cells, and the increase in pendrin expressing cells as suggested by the higher frequency of 
pendrin-positive cells after 7 days. However, total pendrin protein abundance and the 
relative number of pendrin expressing cells does not take into account changes in pendrin 
transport activity that likely involves trafficking into and out of the luminal membrane and 
changes in transport activity per se. In fact, alkali loading  stimulates pendrin staining at  the 
luminal membrane [36,55]. Pendrin activity is regulated by β-adrenergic stimulation or by pH 
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[6,7]. Also a regulation of pendrin by the hydroxyl-activated Insulin receptor related receptor 
(Ins-RRR) has been suggested [35]. Whether these mechanism are active during alkalosis 
has not been fully resolved. In our study, increased pendrin protein expression was 
paralleled by higher pendrin mRNA abundance suggesting that transcriptional regulation 
may be involved. However, little is known about the transcriptional regulation of pendrin. 
Promoter activity of pendrin is enhanced by alkaline pH and decreased by acidic pH, a 
mechanism that could contribute to the changes observed here [1,41]. In addition, the 
forkhead transcription factor Foxi1 is critical for pendrin transcription both in kidney and inner 
ear [8,9,22,53]. In our experiments, increased abundance of Foxi1 mRNA coincides with 
higher pendrin mRNA after 24 hrs of NaHCO3-loading providing a possible molecular 
explanation for enhanced pendrin expression at this time point.  
Both NaCl and NaHCO3 loading increased expression of the AQP2 water channel, 
mostly on protein level. This effect occurred as early as 24 hrs after starting the treatment 
and was pronounced after 24 hrs and 7 days in NaHCO3-treated animals. At the intermediate 
time point, lower AQP2 levels in the NaCl group and unchanged levels in the NaHCO3 group 
were observed. The reason for this transient change remains elusive at this point. 
Regulation of AQP2 has been observed in other animal models of acid-base disturbances 
such as mouse and rat models loaded with NH4Cl in drinking water [32]. Strikingly, the 
upregulation and phosphorylation of AQP2 depended on the route of NH4Cl administration, 
e.g. via drinking water or via food, and was not the consequence of acidosis per se. Since 
also NaCl treatment induced similar changes in AQP2 expression as NaHCO3-loading, we 
speculate that sodium loading per se,  reduced water consumption, intake of osmotically 
active substrates, or increased urinary flow may account for the effect observed here.   
 NaHCO3-loading for 7 days was associated with a higher relative abundance of 
pendrin positive cells in the cortical collecting system, which was at least in part at the 
expense of AE1-expressing cells (table 1). Similar remodeling of the collecting duct has 
been reported in acid-loaded animals including mice, rats and rabbits where acid-loading 
induced an increase in the relative abundance of type A intercalated cells expressing AE1 
[12,63,2,16]. In mice and rats, this type of collecting duct remodeling was paralleled by 
increased BrdU incorporation of Ki67 staining in AE1-positive cells suggesting that 
proliferation of type A intercalated cells may occur and contribute to remodeling. Moreover, 
GDF15 was required for the early phase of proliferation in mice challenged with acid-loading 
[12]. In our study, we did not find evidence for a significant BrdU incorporation in pendrin 
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expressing cells or an effect of alkali or NaCl loading on this parameter. Only very few 
pendrin-expressing cells showed BrdU incorporation which was comparable to BrdU 
incorporation in AE1 expressing cells but much less frequent than in AQP2 positive cells. 
However, a previous study reported BrdU incorporation in all cell types along the murine 
collecting duct system of animals without any challenge and increased incorporation in non-
type A intercalated cells in animals treated with loop-diuretics [62]. We thus tested also for 
the presence of Ki67, a marker of proliferating cells. Also Ki67 staining was most prominent 
in AQP2 expressing cells and only very few cells either negative for AQP2 and pendrin (i.e. 
type A intercalated cells) or positive for pendrin (i.e. type B intercalated cells) showed Ki67 
staining. In contrast, NaHCO3-loading significantly increased the relative number of Ki67 
positive AQP2-expressing cells after 24 hrs  suggesting that NaHCO3-loading provides a 
proliferative stimulus. The discrepancy between our study and the previous study reporting 
BrdU labeling of pendrin positive cell may be in part explained by a relatively low number of 
BrdU incorporating cells in our study suggesting that not all cells incorporated enough BrdU 
to be detected. This interpretation is also supported by a higher number of Ki67 positive 
cells in our study which should be in fact lower than the number of BrdU positive cells after 
7 days.  Of note, the sample size of the different groups (i.e. cells counted) used to detect 
ki67 or BrdU positive cells considerably differed which may have introduced a bias to 
overestimate the presence of ki67 or BrdU positive AQP2-expressing cells. Nevertheless, 
our findings suggest that proliferation of pendrin-positive cells does not contribute to 
collecting duct remodeling, or other cells such AQP2-expressing cells proliferate and are 
then transformed to pendrin-positive cells. The latter model would be consistent with the 
apparent higher rate of BrdU and Ki67 staining in APQ2-expressing cells and recent cell-
fate mapping results suggesting that AQP2 positive cells can give rise to type B intercalated 
cells [49]. Clearly, the origin of the relative increase in pendrin positive cells remains to be 
further clarified. 
 Recent single cell transcriptome data from mouse kidney described a novel cell type 
that may be transiting between principal and intercalated cells. This cell type expresses 
mRNA for  AQP2, pendrin, AE1, Foxi1, and Tfcp2l1 [33,38,10]. However, the relative 
abundance of this cell type is unclear and ranged in two reports between less than 0.5 and 
4 % of all collecting duct cells and might even represent cell doublets from incomplete 
dissocation during single cell collection [33,38]. Cell-marker mapping in rats undergoing 14 
days of potassium depletion or rats treated for 19 days with lithium demonstrated the 
occurrence of cells positive for markers of both principal and intercalated cells suggesting 
16 
 
the existence of a hybrid cell type or transition from one cell type to another [23,48]. Here, 
we had specifically searched for cells coexpressing AQP2 and pendrin or AE1 but failed to 
unequivocally detect any.  
Maturation, cell patterning, and remodeling of the complex composition of the 
collecting duct is driven and determined by a network of factors that has started to emerge 
only recently. Major factors include Foxi1, CP2L1 (also known as TFCP2L1), Notch2/Jag1, 
Adam10, and the grainyhead-like 2/Ovo-like 2 even though the exact relationship and target 
genes have not been fully elucidated [25,18,29,8,37,68,5,65]. Moreover, additional factors 
like hensin (DMBT1), GDF15, or SDF1 modulate the relative abundance of specific cell 
subtypes in response to metabolic changes such as acid-loading [43,12,16]. We tested the 
regulation of CP2L1, Foxi1, and GDF-15 during alkali-loading and found a transient 
suppression of CP2L1 and transient increase in Foxi1 and GDF-15 although regulation of 
all three factors was not specific for NaHCO3-loading at all time points (e.g. CP2L1 regulation 
by NaCl-loading after 24 hrs and possibly 7 days). The Xenopus laevis homologue of 
CP2L1, ubp1, suppresses differentiation of type A intercalated cell like cells in frog skin [37]. 
The downregulation of CP2L1 observed here might thus contribute to the stimulation of type 
B intercalated cell activity or expansion. In contrast, Foxi1 may act upstream of CP2L1 and 
induce differentiation of cells towards the intercalated cell lineage [8] with a potential 
preference towards type A intercalated cells [37]. Consequently, loss of Foxi1 causes a cell 
type that expresses markers of both the principal and intercalated cell lineage in mice and 
causes distal renal tubular acidosis in humans [8,14]. Notably, pendrin is also among the 
transcriptional targets of Foxi1 [22,53]. Thus, the combined increase in Foxi1 and decrease 
in CP2L1 could lead to increased differentiation towards type B intercalated cells. However, 
the exact role of these two transcription factors in the adaptation of the collecting duct to 
alkali-loading will require more detailed analyses using cell-specific localization of their 
activity and genetic deletion. Single cell transcriptome analysis of the developing kidney 
suggests a special role of Hox genes in patterning particularly the junction between CNT 
and CCD and that Hox10 expressing cells may give rise to both intercalated and principal 
cell like cells [38]. Whether Hox genes play a role in the adaptive remodeling of the collecting 
duct during acid or alkali loading remains to be tested. 
Our study is limited by the lack of direct evidence for the role of cell proliferation in 
the adaptation of the collecting duct system which may require cell-fate mapping or other 
more detailed methods such as whole organ based immunohistochemistry to further trace 
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origin and plasticity of cells along the collecting duct system. The use of mice labeling AQP2 
positive cells with YFP has been reported and would provide a model to further analyze the 
role of principal cells as possible precursor of (type B) intercalated cells in the adaption to 
alkalosis [49]. Our approach did also not take into consideration changes in the overall 
architecture of the collecting duct system such as total cell number or cell size. This could 
be further addressed by detailed histomorphometry or whole organ based techniques such 
as combining cell specific markers with clearing the organ for whole mount imaging (i.e 
CLARITY approaches) [42]. Last, our data provide only associations for the regulation of 
various (transcription) factors with remodeling but at this point no definite proof for their role 
can be demonstrated which would require timed and cell-specific blocking or deletion of 
these factors. These experiments were beyond the scope and possibilities of our study and 
need to be addressed in future studies. 
  In summary, alkali-loading in mice stimulates type B intercalated cells causing a 
transient increase in pendrin expression and a shift towards a higher relative abundance of 
type B intercalated cells. These changes are preceded and paralleled by changes in Foxi1, 
CP2L1, and GDF-15, factors involved in collecting duct patterning and cell proliferation. 
However, the exact role of these factors as well as of other mechanisms underlying the 
adaptation to alkalosis remain to be further defined. 
 






Summary of relative frequencies or numbers (in percent) of cells positive for AE1 or AE1 
plus BrdU, for pendrin or pendrin plus BrdU, and for AQP2 or AQP2 plus BrdU in kidneys 
from control mice or mice receiving either 0.28 M NaHCO3 or 0.28 M NaCl for 12 hrs, 24 
hrs, or 7 days. Five mice per group and time point were treated and sections analyzed, n 
denotes the number of cells counted in all kidneys from this group. *p < 0.05 denotes 
differences between groups for the same time point. 
Table 2 
Summary of relative frequencies or numbers (in percent) of cells positive for AE1 or AE1 
plus Ki67 for pendrin or pendrin plus Ki67, and for AQP2 or AQP2 plus Ki67in kidneys from 
control mice or mice receiving either 0.28 M NaHCO3 or 0.28 M NaCl for 24 hrs and 7 days. 
Five mice per group and time point were treated and sections analyzed, n denotes the 
number of cells counted in all kidneys from this group. *p < 0.05 denotes differences 
between groups for the same time point. 
 
Figure 1: Regulated Pendrin expression. Pendrin mRNA and protein abundance was 
tested in total kidneys from control mice and mice receiving 0.28 M NaHCO3 or 0.28 M NaCl 
for 12 hrs, 24 hrs, 2 or 7 days. (A) Relative mRNA abundance of Pendrin (normalized to the 
respective control groups). (B-E) Western blotting of total membrane fractions for pendrin. 
Membranes were stripped and reprobed for β-actin. Bar graphs show relative pendrin 
abundance normalized to β-actin. Mean ± S.E.M, n = 5 for each group and condition, *p < 
0.05, **p < 0.01, ***p < 0.001. 
 
Figure 2: Regulated AE1 expression. AE1 mRNA and protein abundance was tested in 
total kidneys from control mice and mice receiving 0.28 M NaHCO3 or 0.28 M NaCl for 12 
hrs, 24 hrs, 2 or 7 days. (A) Relative mRNA abundance of AE1 (normalized to the respective 
control groups). (B-E) Western blotting of total membrane fractions for AE1. Membranes 
were stripped and reprobed for β-actin. Bar graphs show relative AE1 abundance 
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normalized to β-actin. Mean ± S.E.M, n = 5 for each group and condition, *p < 0.05, **p < 
0.01. 
 
Figure 3: Regulated AQP2 expression. AQP2 mRNA and protein abundance was tested 
in total kidneys from control mice and mice receiving 0.28 M NaHCO3 or 0.28 M NaCl for 12 
hrs, 24 hrs, 2 or 7 days. (A) Relative mRNA abundance of AQP2 (normalized to the 
respective control groups). (B-E) Western blotting of total membrane fractions for AQP2. 
Membranes were stripped and reprobed for β-actin. Bar graphs show relative AQP2 
abundance normalized to β-actin. Mean ± S.E.M, n = 5 for each group and condition, **p < 
0.01, ***p < 0.001. 
 
Figure 4: mRNA expression of key factors implied in intercalated cells differentiation. 
mRNA abundance of Foxi1, GDF-15, and CP2L1 was tested in total kidneys from control 
mice and mice receiving 0.28 M NaHCO3 or 0.28 M NaCl for 12 hrs, 24 hrs, 2 or 7 days. 
mRNA abundance was normalized to the respective control groups. Mean ± S.E.M, n = 5 
for each group and condition, *p < 0.05, **p < 0.01, ***p < 0.001. 
 
Figure 5: Proliferation of cells in the cortical collecting system. Kidney sections from 
control mice and mice receiving 0.28 M NaHCO3 or 0.28 M NaCl for 7 days and injected 
daily with BrdU were stained with antibodies against BrdU (green), AE1 (green), Pendrin 
(red), AQP2 (white), and with DAPI (blue). Arrows indicate BrdU positive cell nuclei, inserts 
show higher magnification of cells with BrdU labeling. (A,B) Kidneys from untreated control 
mice, (C,D) kidneys from mice receiving NaHCO3 for 7 days, and (E,F) kidneys from mice 
receiving NaCl for 7 days. Original magnification 400-630x. 
 
Figure 6: Proliferation of cells in the cortical collecting system. Kidney sections from 
control mice and mice receiving 0.28 M NaHCO3 or 0.28 M NaCl for 24 hrs or 7 days were 
stained with antibodies against Ki67 (red), Pendrin (green), AQP2 (white), and with DAPI 
(blue). Arrows indicate Ki67 positive cell nuclei, inserts show higher magnification of cells 
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with Ki67 labeling. (A-C) Kidneys from mice after 24 hrs of treatment and control, (D-F) 
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Control 12 hrs 20.9 ± 0.8 0.7 ± 0.5 24.6 ± 0.9 0.1 ± 0.1 52.6 ± 1.0 1.0 ± 0.4 2917 (5) 
NaHCO3 12 hrs 22.1 ± 0.8 0.1 ± 0.1 23.4 ± 1.1 0.1 ± 0.1 54.5 ± 0.8 0.8 ± 0.2 4262 (5) 
NaCl 12 hrs 19.8 ± 0.7 0 ± 0 23.7 ± 0.8 0 ± 0 56.6 ± 0.8 0.8 ± 0.2 3380 (5) 
        
Control 24 hrs 20.2 ± 0.7 0.1 ± 0.1 26.5 ± 1.0 0 ± 0 53.2 ± 0.9 1.4 ± 0.4 3454 (5) 
NaHCO3 24 hrs 21.7 ± 0.9 0 ± 0 26.7 ± 1.1 0 ± 0 51.6 ± 1.0 0.7 ± 0.3 2335 (5) 
NaCl 24 hrs 20.0 ± 1.0 0 ± 0 27.8 ± 1.1 0 ± 0 52.3 ± 1.0 1.1 ± 0.4 2677 (5) 
        
Control 7 days 21.5 ± 0.8 0.1 ± 0.1 23.3 ± 1.1 0 ± 0 55.1 ± 1.1 0.2 ± 0.1 3256 (5) 
NaHCO3 7 days 19.6 ± 0.6* 0 ± 0 25.3 ± 0.9* 0.1 ± 0.1 55.1 ± 0.8 1.7 ± 0.3* 5732 (5) 
NaCl  7 days 22.7 ± 0.8 0 ± 0 22.5 ± 1.2 0.1 ± 0.1 54.8 ± 1.2 1.5 ± 0.3* 2383 (5) 
        
 
Table 2 

















Control 24 hrs 12.2 ± 0.7 1.4 ± 0.8 29.7 ± 1.1 0.0 ± 0.0 58.2 ± 1.2 4.1 ± 1.2 1824 (5) 
NaHCO3 24 hrs 11.3 ± 0.8 0.4 ± 0.4 25.2 ± 2.1 0.0 ± 0.0 63.6 ± 2.0 9.5 ± 1.8* 972 (5) 
NaCl 24 hrs 10.8 ± 1.0 4.8 ± 2.6 30.0 ± 1.7 0.5 ± 0.3 59.2 ± 1.8 3.1 ± 1.1 1045 (5) 
        
Control 7 days 12.0 ± 1.0 1.7 ± 1.0 23.8 ± 1.5 1.3 ± 0.9 64.2 ± 1.3 3.3 ± 0.7 1463 (5) 
NaHCO3 7 days 9.6 ± 0.5* 4.3 ± 1.7 25.4 ± 1.4 0.4 ± 0.3 65.0 ± 1.2 7.8 ± 0.9 1983 (5) 
NaCl  7 days 13.7 ± 0.7 3.1 ± 1.3 24.0 ± 1.2 0.4 ± 0.4 62.4 ± 1.2 7.5 ± 1.0 1756 (5) 








































































































































































































































































































































































































12 h 24 h 2 d 7 d
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β-Actin
Control      NaHCO3 NaCl
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1 day NaHCO31 day control
7 d control
7 d NaHCO3 7 d NaCl
A B
C D
E F
Ki67 red
AQP2 white
Pendrin green
DAPI blue
